We have designed and developed the adaptive power supply to keep the gain of SiPMs in the analog hadron calorimeter of the CALICE Linear Collider detector stable at the level of 1%. This power supply compensates automatically the bias voltage for temperature variations in the range 5 °C to 40 °C. It operates in the voltage range 15 V to 90 V suitable for most of SiPMs on the market. We demonstrate the performance of the gain stability with a prototype that was produced in industry after measurements with a test board. We checked the gain stability for several types of SiPMs from three producers -Hamamatsu, KETEK and CPTA. This adaptive power supply can be easily used in applications beyond the calorimetry in particle physics.
I. INTRODUCTION
HE gain G of silicon photomultipliers depends both on the bias voltage V bias and on the temperature T. For the stable operation of calorimeters the gain needs to be kept constant. In the Linear Collider (LC) calorimeter with millions of channels this is a challenging task. It is, therefore, desirable to compensate the gain automatically for temperature variations by readjusting the bias voltage.
As part of the AIDA European Community INFRA project, the University of Bergen and the Institute of Physics in Prague have designed and developed a suitable adaptive power supply. Taking into account uncertainties on the temperature measurement and the power supply accuracy, the goal consists of keeping the gain G constant within 1% a temperature range of T = ±5 °C at the nominal temperature of 25 °C. We later showed that the circuit keeps the 1% gain stability in the larger range 5 °C to 40 °C.
The analog hadron calorimeter being developed in the CALICE collaboration [1] is a sandwich type and consists of layers of steel plate absorbers interleaved with planes of scintillator tiles of the small size 3 cm× 3 cm and 0.3 cm thick.
The light signal from tiles is read by silicon photomultipliers (SiPM) or multi-pixel proportional counters (MPPC). As the final decision on the photodetector will be done later, we selected several types from three producers Hamamatsu, KETEK and CPTA for our studies.
First we need to measure the gain dependence on temperature and bias voltage (chapter II). From these measurements, using the condition on the constant gain, we derive the dependence V bias (T) for the voltage regulator. The principle, construction details and the performance of the adaptive power supply are described in chapters III-IV.
II. PHOTODETECTOR CHARACTERIZATION
We selected 15 photodetectors with sensitive photocathode area of ~ 1 mm 2 from Hamamatsu, KETEK and CPTA (for simplicity we call them in this paper SiPM). Their properties are listed in the Table I . 
A. Test Setup
To measure the temperature dependence of the gain we used a climate chamber at CERN that is stable within 0.2 °C. A SiPM was placed to the socket on a preamplifier PCB (see Fig. 1 ). We utilize the default T3B calibration procedure [2] to extract the T 978-1-4799-6097-2/14/$31.00 ©2014 IEEE single photo-electron spectra of SiPMs. The DAQ includes preamplifier and 1.25 giga-samples per second digital oscilloscope (picoscope), which was set to acquire 50,000 events per each temperature setting. The algorithm identifies the signal of a single photo-electron and it is subsequently capable of decomposing any SiPM signal into the cumulative signal of single photo-electrons. SiPMs were illuminated by 2 ns long pulses from a blue LED driven from a pulse generator. We used three thermistors PT1000 to monitor the ambient temperature around SiPM. Another temperature sensor LM35D (Texas instruments) placed close to the SiPM under the test (see Fig. 1 ) provides a signal 10 mV/°C to the regulator for the correction of the output bias voltage. All measurements were performed in the temperature range 10 °C to 30 °C. We vary the temperature in steps of 5 °C, except for the 20 °C to 30 °C range where the steps are 2 °C. The temperature at the SiPM differs by an offset of 0.4 °C from the temperature set in the chamber. We start a new run once the temperature reaches equilibrium which typically takes about 15 minutes (details are given in [3] ).
B. Gain determination
We have measured the gain dependence versus bias voltage V bias and temperature T for 15 SiPMs from three manufacturers Hamamatsu, KETEK and CPTA. The CPTA SiPMs were attached to a 3 × 3 cm 2 scintillator tile. While all Hamamatsu and KETEK detectors could be illuminated directly by the blue LED, we shined the LED light on the scintillator tile close to the CPTA SiPM. Fig. 2 shows a spectrum of single photo-electron peaks recorded with the Hamamatsu MPPC 11759. The red curve shows a Gaussian multi-kernel function and the blue curves show Gaussian fit of the individual photo-electron peaks. We define the gain as the distance between the pedestal peak and the first photo-electron peak (Hamamatsu) or between the first and the second photo-electron peaks (CPTA and KETEK) as the distance between successive photo-electron peaks should be the same. The error on the gain is determined from the uncertainties of two fitted Gaussian peak positions added in quadrature.
For each SiPM, we first measure the gain dependence on the bias voltage at a fixed temperature. Each data point is determined from 50,000 waveforms 80 ns long. Fig. 3 shows the measurements of the gain versus bias voltage for the CPTA 857. For each temperature, we fit the measured points with a firstorder polynomial to extract the breakdown voltage and the slope dG/dV bias . Then we measure the gain as a function of temperature at fixed bias voltage settings and fit the measured points with a first-order polynomial to extract the slope dG/dT (see Fig. 4 ). 
C. Gain stability condition
To keep the SiPM gain constant for changing temperature or bias voltage the condition dG = ∂G/∂T·dT+ ∂G/∂V bias · dV bias = 0 must be fulfilled. This defines the equation dV bias /dT = −(∂G/∂T) / (∂G/∂V bias ). From our measurements follows that both ∂G/∂T and ∂G/∂V bias are approximately linear functions of V bias and T respectively. In this case the differential equation dV bias /dT can be solved explicitly. The solution for the SiPM CPTA 857 is shown in Fig. 7 [4] . We see from Fig. 7 that the gain stability function V bias (T) is approximately linear in temperature. The values of <dV bias /dT> = <dG/dT>/<dG/dV bias > (averages of corresponding slopes) for all 15 measured SiPMs are shown in Fig. 8 . They clearly fall into two groups. The SiPMs operated at higher bias voltage (Hamamatsu) have also higher values of <dV bias /dT> than those operated at the lower bias voltage. 
III. ADAPTIVE POWER SUPPLY

A. Design Considerations
From the above results we arrive to the following requirements for the bias voltage regulator test board:
• Provide stable regulated output direct current voltage from 15 V to 90 V. • Achieve the stability better than 5 mV and keep the temperature influence to less than 1 mV/°C (100 ppm/°C) in the entire range of bias voltage V bias .
• Trim the signal with the slope <dV/dT> of 10 mV/°C to 100 mV/°C. • Have an ON/OFF ability.
• Provide a soft start/stop. • Provide analog settings with a later possibility to implement digital settings with DAC.
B. Voltage regulator description
The power part of the analogue HV regulator uses two HV MOSFETs in a totem pole configuration (see Fig. 9 ). In the control part, the output voltage is divided by ten using precision resistors and attached to the feedback input of the error amplifier. The reference input of the amplifier is connected to a multi-turn potentiometer which is connected to a precision voltage reference LT1021-10. The voltage reference is trimmed to 10.000 V and corresponds to 100 V at the output of the regulator. Multi-turn potentiometer sets output voltage in range 15 -100 V. The error amplifier drives the gate of the lower MOSFET. Loop stability is achieved by means of a third order compensation network. Temperature sensor LM35D (Texas instruments) placed close to SiPM under the test provides a signal 10 mV/°C for the correction of the output voltage. We used analogue design which omits problems with nonlinearity of ADC/DAC conversion. In any case for this application an equivalent of effective 16 bits resolution is needed. The design can be extended to the control from a PC with a DAC module to set the nominal output voltage.
IV. RESULTS OF THE GAIN STABILIZATION
We tested the first version of the gain-stabilizing electronics board with four different SiPMs using the previously measured <dV/dT> values summarized in Table II . Fig. 10 shows the gain as a function of temperature before and after compensation. The linear gain loss with increasing temperature is removed by the bias voltage readjustment. The distributions are fitted with a linear function to determine deviations from the constant gain, G. In general, the stabilization works well. Assuming a temperature range of ±5 °C, the fitted values dG/dT, divided by the gain G nom at the nominal voltage result in values listed in Table III . Fig. 10 . Gain versus temperature before (red) and after (black) bias voltage temperature compensation for the CPTA 857 photodetector. 
V. CONCLUSION AND OUTLOOK
We have built a test station in a climate chamber at CERN that allows us to measure the gain dependence of SiPMs on temperature. We have tested 15 SiPMs from three manufactures of which we selected four photodetectors to show the performance of the gain stabilization.
